We investigate the effect of mechanical strain on the dynamics of thin MoS 2 nanodrum resonators.
Nanomechanical resonators fabricated from 2-dimensional layered materials, such as graphene and MoS 2 , are known to exhibit low quality (Q-) factors at room temperature [1] [2] [3] [4] [5] [6] [7] . The spectral Q-factor of these devices is orders of magnitude below the values that can be achieved with top-down fabricated devices, such as silicon nitride nanostrings [8] .
Time-domain measurements on MoS 2 resonators with a thickness down to a single layer, revealed that the low spectral Q-factor is in agreement with the energy relaxation rates [7] , indicating that the line-width is limited by dissipative processes. Although several mechanisms have been proposed for the high dissipation, such as clamping losses, surface effects, and energy leakage to other vibrational modes [4, [9] [10] [11] [12] [13] , the dominant mechanism responsible for the excessive dissipation is not identified.
It is well known that the Q-factor of top-down fabricated micro-and nanomechanical resonators (MEMS and NEMS resonators) can be increased by introducing tensile strain [14] [15] [16] [17] . It is explained by considering a complex elastic modulus, E = E 1 + iE 2 , where the real part, E 1 , corresponds to the Hooke's law spring constant, and the imaginary part, E 2 , gives rise to dissipation (energy loss). The intrinsic Q-factor can then be written as Q = E 1 /E 2 . Applying tension increases the real (conservative) part of the elasticity.
This results in an increase in the resonance frequency, which is proportional to √ E 1 , and an buckled. In the flat device we observe a weak dependence of the resonance frequency on the strain, but a surprisingly strong strain-dependence of the line-width. This indicates that the tensile strain enhances the Q-factor via a reduction of the dissipative part of the elasticity, E 2 . This is in sharp contrast to top-down fabricated MEMS resonators in which the Q-factor enhances through an increase of real part of the elasticity, E 1 . In the buckled device, the changes in the Q-factor are less pronounced. Here we observe hysteresis that could indicate a conformational change of the material, and possibly hints at the underlying process that causes the strain-dependent damping.
To fabricate suspended MoS 2 resonators, we start with a 100 µm thin silicon wafer with a 285 nm thick layer of thermally grown silicon oxide. Thin Si wafers have a low bending rigidity, and this enables the generation of significant mechanical strain. Circular holes are etched in the silicon oxide by conventional electron beam lithography and dry etching. MoS 2 flakes are mechanically exfoliated and deposited onto the substrate using a dry transfer method [25] . Figure 1(a) shows the fabricated device; the diameter of the considered drums, marked A and B, is 5 µm, and the thickness is 15 nm, which corresponds to ≈ 30 layers.
The wafer containing the drum resonators is fixed onto a commercially available Lead Zirconate Titanate (PZT) piezoelectric sheet, with electrodes on top and bottom. The wafer and the piezoelectric sheet form a bimorph structure, as is shown in Fig.1(b) , which bends when an electric field, V P , is applied across the piezoelectric sheet. Depending on the polarity, compressive or tensile strain is generated in the MoS 2 drum. The motion of the resonator is detected using an optical interferometer, shown schematically in Fig.1 This is as expected, since the thickness of the resonator is beyond the membrane to plate cross-over, which occurs for MoS 2 at approximately five layers [6] . In a plate-like resonator the restoring force arises mainly from the bending rigidity, whereas in a membrane it arises from the tension.
We now measure the response of drum A while introducing strain by applying a voltage to the piezo. For each voltage the resonance frequency, the Q-factor, and the line-width are obtained from a harmonic oscillator fit. Figure 2 shows the result: the left column represents a compression cycle with V P < 0, and the panel on the right a tensile a bimorph geometry [28] , with t Si and t P the thickness of the silicon and the piezo sheet.
The respective Young's moduli are E Si = 150 GPa and E P = 62 GPa, and the thicknesses t Si = 100 µm and t P = 127 µm. With the piezoelectric coefficient δ 31 = −190 × 10
and h = 0.534 a dimensionless number which represents the ratio's of the Young's moduli and the thicknesses, the strain in the MoS 2 is calculated as = δ 31 h/t P × V P = 8.0 × 10
The calculated strain is plotted on a secondary x-axis in Fig.2 . When the compressive strain exceeds a critical limit, the plate buckles. For a circular plate, the critical strain is
2 [29] . Here, E MoS 2 is the real part of the Young's modulus, ν = 0.25 is Poisson's ratio, and t and r are the plate thickness and radius. K is a constant that depends on the boundary condition, with K = 1.22 for a clamped plate.
Although in the present experiments the critical strain should occur at cr = 4.7 × 10 −5 , which corresponds to V P = −59 V, no buckling is observed [30] .
We now turn our attention to device B, which is shown in detail in the inset of Fig.3(a) . Clearly, a part of the drum is bulged: the bright color in the center indicates a buckle, which is the result of residual compressive strain which is introduced during Besides tuning the damping in mechanical resonators, there are other interesting applications for controlled strain tuning in 2-D materials. In these materials, which can be excessively strained due to the lack of defects [32] , the mechanical strain changes the band structure. The qualitative changes in the electronic and optical properties [33] [34] [35] can enable applications such as piezo-electric energy harvesters [34, 36] and pressure, motion, and mass sensors [37] . While biaxial strain can be adjusted by varying the temperature by deploying the thermal expansion mismatch [38] , the controlled application of strain described here, can be used to study the strain-dependent properties of 2-D materials in great detail.
In conclusion, we studied experimentally the strain-dependence of the Q-factor in thin MoS 2 drum resonators in the pre-and post-buckling regime. The experiments indicate that, as in MEMS and NEMS resonators, the Q-factor increases with the applied tensile strain. However, in the MoS 2 resonators, the increase in Q is manifests as a reduction of the line-width, which indicates a decrease in dissipative part of the spring constant. This is in contrast to top-down fabricated MEMS resonators, where Q increases with strain due to an increase in the conservative part of the spring constant, which has only a small effect on the resonance line-width. This result sheds light on the very low Q-factors observed in recent experiments with 2-D mechanical resonators, and suggests that microscopic wrinkles and corrugations, which are ironed-out by applying tensile strain, could play a role in the observed low Q's. In the post-buckled device, hysteresis is observed, and the Q-factor depends less on the strain. The experiment shows that strain engineering is a viable tool to reduce the damping in nanodrum resonators made from 2-dimensional materials.
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